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Hematocrita b s t r a c t
Blood is a complex colloidal suspension which carries myriads of information about human health.
Understanding the evaporation dynamics and its consequent deposition patterns have direct relevance in
disease detection. We report evaporation dynamics of whole and diluted blood droplets over hydrophilic
(glass) and hydrophobic (PDMS, polydimethylsiloxane) substrates. Our experiments show that blood drops
evaporating on a hydrophilic substrate exhibit radial and orthoradial cracks in the coronal region and ran-
dom cracks in the central region. Using Griffith’s energy criterion, we show that crack formation takes place
when the capillary pressure and the resulting compressive stress inside the evaporating droplet exceeds crit-
ical stress which depends on the elastic modulus, interfacial energy, and the particle concentration of the
system. The width of the coronal region (w), the film thickness (h) at the contact line, and the crack pitch
(p) decrease with increasing blood dilution. In the dilution range of 2.0–0.8% HCT (hematocrit), the transition
from the cracking to the non-cracking regime is observed, which can be attributed to inadequate compres-
sive stress available even after the evaporation of the blood droplet is completed. For the hydrophobic sub-
strate, buckling instead of cracking is observed for the whole blood droplets, which can be attributed to the
distinct wetting and evaporation kinetics. The buckling of the blood drop on a hydrophobic surface is attrib-
uted to the competition between capillary pressure originated due to the formation of an elastic network of
RBCs (red blood cells) and the menisci formed between adjacent RBCs, and the critical buckling pressure.
With increasing blood dilution, a transition from buckling (between 21 and 42% HCT) to cracking (between
21 and 2.0% HCT) of the droplets, and eventually to the non-cracking regime (between 2.0 and 0.8% HCT) is
observed. Our study unravels the interesting attributes about one of the important physico-chemical factors
(i.e. % HCT) that affect the evaporation of blood droplets and the resulting deposition patterns on substrates
with different hydrophobicity.
 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Blood is a complex colloidal suspension consisting of cellular
components (red blood cells/RBCs, white blood cells/WBCs, and
platelets), protein macromolecules, inorganic salts, all suspended
inside the solvent of plasma. In recent years, the study of the evap-
oration of suspension droplets [1–6] and the resulting deposition
patterns have led to applications in inkjet printing [7], DNA map-
ping [8], coatings, nanochromatography [9], detection of biomark-
ers [10], to name a few. A better understanding of the evaporation
of biological fluids (such as blood, serum, plasma, urine, etc.) has
gained significant attention in medical practices [11,12], forensic
applications [13,14], urine protein analysis [15], etc. The study of
evaporation and deposition patterns of biological fluids can be
traced back to the work of Zhuang et al. [16] for seroepidemiolog-
ical surveys, wherein the serum samples were dried over a filter
paper for the detection of hepatitis B marker. In 2001 Annarelli
et al. [17] studied the evaporation, gelation, and fracturation of a
BSA (bovine serum albumin) droplet over a glass substrate. Sma-
lyukh et al. [18] and Yakhno et al. [19] studied human DNA solu-
tions and human blood serum to investigate the ring-like
deposition patterns due to the drying DNA droplet, salt crystalliza-
tion, and protein glass transition effects. These past studies [20–22]
on the evaporation of the biological droplets have been limited to
the serum/plasma, DNA, and BSA solutions. However, limited study
has been performed on whole blood samples, although the use of
the whole blood for disease detection is simpler compared to
serum/plasma and other biological fluids since it does not require
any complex preparation procedures such as extractions of cells
from plasma or serum. With the elimination of the additional steps
for the separation of plasma, the whole blood sample is free from
the risk of the contamination and fracturation and can be used
right after the sample collection without any further processing.
The evaporation driven pattern formation for whole blood dro-
plets was first reported by Brutin et al. [11], wherein post evapora-
tion, a series of radial and orthoradial cracks were observed. The
crack patterns differ from healthy to diseased (anaemia, hyperlipi-
demia) blood samples. Later, using a diffusion model, Brutin and
Sobac illustrated the mechanism of evaporation and crack forma-
tion in a blood droplet [23]. As observed, the evaporative deposi-
tion phenomenon consists of two different regimes: a relatively
faster process driven by convection, diffusion and gelation in the
liquid phase, followed by a slower process driven by the mass
transport of the liquid in the gellified trapped components [23].
Further, the authors reported the role of the substrate and the sur-
rounding ambient (relative humidity, RH) on the evaporation and
the final morphological deposition pattern. The effect of the rela-
tive humidity on the evaporative deposition pattern was investi-
gated which showed an increase in the size of the plaques in the
coronal region for RH in the range of 13–50% and a decrease in
the size of the plaques for RH in the range of 50–78% owing to
the slower evaporation at higher RH [24,25]. The studies were car-
ried out on glass, gold-coated glass and metallic (non-wettable)
aluminium substrates. Cracks were observed over the glass sub-
strate, whereas a uniform glassy skin was observed on the non-
wettable gold and metallic aluminium substrates [26]. It was also
reported that the thermal diffusivity of the substrates did not influ-
ence the drying of droplets [26].
Bahmani et al. [27] investigated the contrasting deposition pat-
terns of healthy and diseased blood samples (thalassemia and
neonatal jaundice) and correlated the length of the cracks to the
physico-chemical (i.e., plasma viscosity) and bio-chemical (mean
corpuscular volume (MCV), and Hematocrit (HCT) properties of
blood samples. The authors proposed to use the length of the
cracks as a simple and inexpensive biomarker to differentiate thediseased from the healthy samples. Chen et al. [12] reported a com-
prehensive review of the developments and understanding of the
evaporation and final morphological deposition patterns of biolog-
ical fluids (serum, plasma, blood, etc.). It was stated that the forma-
tion of the cracks was due to the competition between
evaporation-driven shrinkage of the deposits and its adhesion to
the substrate which resists the shrinkage. A subsequent study
[28] revealed a mechanistic understanding of crack patterns, both
macroscopically (droplet level) and microscopically (cellular level)
with three different modes of the crack formation. Further, the
effect of the initial contact angle was investigated which showed
that orthoradial cracks of larger scales were obtained with larger
initial contact angles whereas morphologies and spacing of the
radial cracks remained unchanged with the initial contact angles
[29]. But the random smaller plaques observed in the central
region were found to be a function of the initial contact angle.
Even though it is understood from the previous literature that
blood deposition patterns could be one of the promising
approaches in medical diagnosis, fundamental and mechanistic
understanding of their pattern formation is very limited. The
reproducibility of the final deposition patterns is still lacking owing
to the complex nature of the desiccation phenomenon and the
association or coupling of the multiple physico-chemical and bio-
chemical factors. The cracking and the buckling of the blood dro-
plet are dependent on several physico-chemical factors such as
the shape and the size of the solute particles, pH of the drying sus-
pensions, constituents of the drying suspensions, viscosity and
wettability of the blood suspension, concentration of solute parti-
cles, and bio-chemical factors such as mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and the presence of
specific proteins. Thus, decoupling of each factor would greatly
help in better understanding of the phenomenon and its applica-
tions. A review of the literature indicates that neither the evapora-
tive deposition patterns nor the buckling of blood droplet over a
hydrophobic surface (PDMS) have been investigated, yet many
substrates involved in diagnostic platforms and bioassays are
hydrophobic (i.e., plastic and PDMS). Furthermore, the effect of
dilution on the evaporative deposition patterns of blood droplets
has not been studied in the past. However, the HCT level in the
blood is an important health index as lower % HCT than the normal
level indicates the lack of RBCs in the blood (i.e., anaemia), whereas
higher % HCT than the normal level indicates a disorder (poly-
cythemia vera) that causes the production of excessive RBCs inside
the body related to dehydration and lung and heart diseases. The
objective of the present work is to investigate the role of the RBCs
concentration (% HCT) on the evaporative deposition pattern of
blood droplets on both hydrophilic and hydrophobic substrates
while keeping all the other factors fixed. Here, we report the evap-
oration and morphological deposition patterns of whole and
diluted blood droplets over both hydrophilic glass and hydropho-
bic PDMS substrates. We reveal the mechanism responsible for
the formation of cracks on hydrophilic (glass) substrates and buck-
ling phenomenon in the case of hydrophobic (PDMS) substrates.
Modification in the cracking pattern with an increase in dilution
of a blood drop on a hydrophilic substrate is studied. The transition
from buckling to cracking and eventually to a non-cracking regime
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Fig. 1. Schematic of the experimental setup, wherein a droplet of blood is dispensed
over the substrate placed on an X-Y-Z stage. The droplet is imaged from side and
top using two synchronized digital cameras.
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different wettability, namely glass (as hydrophilic) and PDMS (as
hydrophobic), for the study. To obtain the hydrophobic PDMS sub-
strate, microscopic glass slides were spin-coated (spinNXG-P1A,
apex Instruments, India) with a thin layer of PDMS (base
monomer + curing agent, 10:1 ratio) at 2500 rpm for 20 s followed
by the curing inside an oven at 75

C for 12 h. The base monomer
consists of dimethyl siloxane (dimethylivinylsiloxy terminated),
dimethylvinylated and trimethylated silica, tetra (trimethoxysi-
loxy) silane, ethyl benzene, whereas the curing agent consists of
dimethyl-methylhydrogen siloxane, Dimethyl siloxane (dimethyl-
vinyl terminated), dimethylvinylated and trimethylated silica,
tetramethyl tetravinyl cyclotetra siloxane, ethyl benzene. Using
optical profilometry (Bruker, USA), the measured film thickness
was found to be on the order of 30 3lm: The droplet contact
angles were measured using a contact angle meter (Kruss, DSA
25E, Germany) and the initial contact angles of blood droplets over
the glass and PDMS substrates were 35 2 and 105 5 , respec-
tively. All the substrates were cleaned with high-pressure N2 just
before the experiments to get rid of dust if any.2.2. Sample collection and storage
Blood samples were collected from healthy donors through our
Institute Hospital (IIT Madras, Chennai, India) after obtaining the
necessary clearance. All the samples were collected and stored
inside a 4 mL vacutainer (EDTA coated, BD Scientific, USA). Post
sample collection, the blood samples were used for the experi-
ments within 6 h. For diluting the blood samples, PBS (phosphate
buffer saline) was used. A single PBS tablet (P4417, Sigma Aldrich,
USA) was mixed with 200 mL of DI water (ELGA, resistiv-
ity  18:2 MX:cm) to prepare the PBS solution. Later the same
was filtered with a sterile polyethersulfone, PES filter of pore size
0.2 mm (Whatman UNIFLO, 9914-2502, GE, U.S.A.) to get rid of
any undissolved salt particles. The pH of the whole blood and the
diluted blood samples were measured using a pH meter (LAQUAt-
win, Horiba Scientific, U.S.A.) which displayed a pH value of
7:46 0:05 for all the samples measured. Post experiments, the
samples were treated with sodium hypochlorite before bio-
disposal to sterilize and eliminate the contamination.2.3. Experimental methodology and characterization
The experimental setup is shown in Fig. 1. A drop of blood of
2lL volume was dispensed using an ultra-precision micropipette
(Eppendorf Research plus, 0.1–2.5 lL; 3120000011) over both
hydrophilic and hydrophobic substrates. The side and top views
of the droplets during evaporation were captured using two digital
cameras (Dinolite AM73915MZT, Anmo Electronics, Taiwan) sta-
tioned perpendicular to each other. Both cameras were synchro-
nized before capturing and recording the images. The rate of the
evaporation (or the rate of change of mass) of the droplet was char-
acterized using a high precision microbalance (Quintix 125D, Sar-
torius, USA). We have imaged the final deposition patterns under
an inverted optical microscope (Olympus IX-71, Japan) for further
characterization. All the samples were imaged with an objective
lens of 4X under bright-field microscopy. The microscopic details
of the deposition patterns were also characterized by scanning
electron microscopy (Quanta FEI, USA) and optical profilometry
(Bruker, USA). Before the SEM analysis, the samples were
sputter-coated with gold (15 mA current for 20 s) to make the sam-
ples conducting for obtaining the images. The SEM images were
captured with an accelerating voltage of 30 kV. Further, EDAX
(Energy dispersive X-ray Spectroscopy, Quanta FEI) were carried
out to characterize the elemental composition of the depositionpattern. Further, the 3D profile of the final deposition patterns
was carried out using vertical scanning interferometry in an optical
profilometer with an array size of 4000 lm  4000 lm (sampling
1 lm). All the experiments were conducted in an ambient of
25 2C with an RH value of 35 5%: To ensure the repeatability
and the reproducibility, each measurement was repeated a mini-
mum of three times.3. Results and discussion
The evaporative deposition patterns on a hydrophilic (glass)
substrate and on a hydrophobic (PDMS) substrate are presented
below. For both cases, the cracking and buckling dynamics of a
whole blood droplet over both substrates are examined. The role
of dilution on the evaporation and the subsequent deposition pat-
terns is also investigated.
A. Blood droplet evaporation on a hydrophilic substrate
The sequential time-lapsed images and the final morphological
deposition patterns resulting from the evaporation of a whole
blood droplet (42 2% HCT) over the hydrophilic (glass) substrate
is depicted in Fig. 2. The evaporation is divided into three distinct
regimes, namely the pre-gelation (0.0–0.20 btÞ, gelation (0.20–0.65btÞ and the post-gelation (0.65–1.0 btÞ as shown in Fig. 2a. Here, the
evaporation time (t) is normalized as bt ¼ t=tevap  with the total
desiccation/evaporation timescale tevap
 
and the respective nor-
malized time for each regime is listed in Fig. 2a. The total desicca-
tion/evaporation timescale tevap
 
corresponds to the timescale at
which no changes in the mass of the evaporating whole blood dro-
plet were observed under a high-precision microbalance. Fig. 2c
depicts the final coffee-ring alike morphological deposition pattern
of the whole blood droplet imaged under SEM. It consists of three
distinct regions: peripheral, coronal, and central regions. The radial
and ortho-radial cracks formed by the whole blood droplet in the
coronal region upon evaporation are clearly illustrated. Moreover,
the demarcating boundaries near the TPCL (three-phase contact
line) suggest the crack-free peripheral region due to the absence
of the RBCs (more discussion in subsequent paragraphs). The coro-
nal region enriched with RBCs has both radial and ortho-radial
cracks as shown. Also, the coronal region consists of larger plaques
demarcated by the radial cracks. Furthermore, the central region
has many smaller and random plaques. The elemental composition
of the final morphological patterns is also characterized by EDAX
(energy dispersive X-Ray spectroscopy, See Table S1 in SI), suggest-
ing that the blood deposition pattern mainly consists of C, O, Na, K,
Cl, Ca, S with the relative weight percentage of 79.27% C, 15.21% O,
1.11% Na, 2.25% Cl, 2.15% K respectively. Owing to the coffee-ring
phenomena, the RBCs are driven radially outward and eventually
Proteins, Inorganic salts 
and others molecules
RBCs
a (i) a (iv)
b (i)
a (iii)




















3D opcal profilometry 
Ortho-radial cracks
(c) (d)
Fig. 2. (a) Time-lapsed images of evaporation of whole blood droplets over a hydrophilic glass substrate (top view), with the evaporation dynamics being divided into three
distinct regimes at different normalized time instants: (i) pre-gelation, (ii) gelation, (iii) post-gelation regimes. The dotted black circle indicates the initial contact diameter of
the droplet upon dispensing. (b) Schematic of blood droplet evaporation and crack formation over a hydrophilic glass substrate. (c) SEM image of morphological deposition
patterns of blood droplet over a hydrophilic glass substrate. The deposition pattern consists of three regions: (i) crack-free peripheral region (between black and yellow
circles), (ii) coronal regions with radial and ortho-radial cracks (between yellow and red circles), (iii) central region with smaller plaques (beyond the red circle towards the
centre). (d) 3D morphological deposition pattern viewed under optical profilometry. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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3D optical profilometry.
Aided by the schematic (Fig. 2b) and experimental images
(Fig. 2a), we attempt to explain the cracking phenomenon of the
whole blood droplet over the hydrophilic glass substrate. The dro-
plet dispensed over a hydrophilic (glass) substrate takes the shape
of a wedge near the TPCL as shown in Fig. 2b (i). Upon dispensing
the droplet over the glass substrate, the contact line gets pinned
over the substrate due to the adsorption of the protein macro-
molecules over the substrate [20], which later resists the motion
of the contact line during the volumetric shrinkage. In the pre-
gelation regime, the droplet consists of plasma, the cellular compo-
nents, other macromolecular proteins, and inorganic salts. The
plasma evaporation is non-uniform as the rate of the evaporation
is higher at the TPCL than that at the centre of the droplet. Thus,
the differential evaporation flux transports the solute particles
(cellular components of RBCs, macromolecular proteins, inorganics
salts, etc.) toward the edge owing to the coffee-ring phenomenon
[30] (see the schematic in Fig. 2b (i)). The RBCs ( 6–8 lm) being
disk-shaped and larger than the other blood components are
unable to penetrate the contact line, thus are deposited at some
distance from the contact line. The protein macromolecules andinorganic salts are smaller in size, thus are located at the edge of
the droplet as shown in Fig. 2b (ii) (highlighted in black). The con-
centration of the RBCs near the edge increases due to the accumu-
lation of the RBCs as the evaporation progresses and after some
time ( 0.16–0.20 bt), above a critical concentration, the RBCs aggre-
gate locally near the TPCL and a sol-gel transition occurs
[12,23,28,31], wherein rheological properties of the RBCs transition
to gel-like substance [12].
The contrast between the regions marked by the black and yel-
low dotted circles in Fig. 2a (ii) indicates the gellification of the
droplet near the TPCL. With this, the droplet enters in the gelation
regime (labelled as ‘‘gelation begins”) and the gelation front
demarcates the droplet into the solid-like gel (near the edge) and
the liquid-like blood droplet (near the centre), shown in Fig. 2a
(ii) and 2b (ii). The gelation front initiated at the edge starts to
move toward the centre with time; and when it reaches the centre,
the gelation completes (also denoted as ‘‘gelation ends, see Fig. 2a
(iii) and Fig. 2b (iii)); thereafter the droplet enters into the post-
gelation regime (see Fig. 2a (iv) and Fig. 2b(iv)). At this instant
(right upon the completion of gelation) the bulk of the plasma is
evaporated, and the remaining plasma gets trapped between the
cellular components present inside the droplet. Later, in the post-
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between the adjacent cells while evaporating through the porous,
cellular network, as shown in Fig. 2b (iii). With further evaporation,
the radii of the curvature of the capillary meniscus become smaller,
and the RBCS move closer to each other, thereby generating a large
capillary pressure and forming compressive stresses inside the
gelled blood droplet. Moreover, adhesion of this network along
with the pinned contact line opposes the relaxation of the stress
through the pinning of the TPCL. As a result, cracks are formed to
release the stresses from areas where the compressive stress
exceeds the mechanical strength of the network.
Next, we attempt to provide a mechanistic understanding of the
cracking dynamics of a blood droplet via the scaling of the compet-
ing forces responsible for the crack formation. Blood is a complex
non-Newtonian biological fluid. During evaporation, desiccation,
transportation, gelation processes occur simultaneously, and the
change of the properties of the gelled film varies spatiotemporally
[27]. By using Griffith’s energy criterion [32], post-sol-gel transi-
tion, the accumulated and aggregated RBCs with trapped plasma
locally form a deformable, porous, and gelled-like network. A sig-
nificant amount of compressive capillary stresses is generated
inside the droplet in the form of elastic strain energy owing to
the volumetric shrinkage of the gelled network and adjacent cells
moving towards each other due to the evaporation. The depinning
of the contact line and thus the relaxation of the stress is arrested
owing to the stronger adhesion of RBCs and protein macro-
molecules to the hydrophilic glass substrate. To release the stress,
cracks are formed with the creation of new interfaces at the cost of
the stored elastic strain energy. With new crack formation, new
glass/air interfaces are created, and the amount of energy expendi-
ture is related to csv , the surface energy of the glass substrate with
ambient air [33]. The amount of the energy released for a single






where r, h and G are the shear stress, film thickness (see the defi-
nition of h highlighted in Fig. 2d), i.e. thickness of the blood deposits
at the three-phase contact line (TPCL) measured using optical pro-
filometry (see Section S2 in the Supplementary Information, and
the elastic modulus of the film (gel network) respectively.
The interfacial energy required for the propagation of the crack
is scaled as
EInterfacial  csvhdx ð2Þ
where csv is the surface energy of the glass substrate with the ambi-
ent. By equating the above two equations, the critical stress







Using the available values for the elastic modulus of the RBCs
(G  1 kPaÞ [35,36], measured film thickness (h  100 lmÞ and
the surface energy of glass in ambient air (csv  0:080 N=mÞ, we
obtain the critical stress rc  0:9 kPa.
According to Tirumkudulu et al. [37], for a network of identical









where M is the coordination number ( 6), uf is the particle vol-
ume fraction at random close packing (  0:70) [23], and c is the
surface tension of the whole blood droplet ( 0:058 N/m) [27].
Based on these values, we obtain the available stress due to evapo-ration r  2:9 kPa. For the whole blood (42% HCT), cracks are being
formed when r (2.9 kPa) exceeds the critical value rc (0.9 kPa).
Note that Eq. (4) provides an upper limit of the available stress in
the gel network as the RBCs in blood are non-spherical and
deformable.
Fig. 3a depicts the evaporation rate, i.e. the variation of mass
with time (m vs: t), of the whole blood (42% HCT) and diluted
blood (7.0% HCT and 3.8% HCT) samples with time over a hydrophi-
lic glass substrate. We dispensed 2 lL of the whole or diluted blood
droplets over the substrate, and the instantaneous mass was
recorded using a high precision microbalance (Sartorius, U.S.A.)
as reported in the materials and methods section. Since the differ-
ence in the density of the blood (qblood  1020 kg=m3) and PBS
(qblood  1010 kg=m3) is small, due to the resolution of the
microbalance used (resolution: 10 lg), effectively the initial mass
at time zero for all dilutions is approximately the same (Fig. 3a).
In the pre-gelation (t < 140 160s for whole blood) and gela-
tion regimes (160 < t < 480s for whole blood), a higher rate of
change of mass with time is observed since the interdistance
among cells is larger and the plasma can freely evaporate to the
surrounding. The time instants for the transition from pre-
gelation to gelation regimes is captured from the microbalance
readings (i.e. contrast in the image showing pre-gelation front in
Fig. 2a(i)). In the post-gelation regime (t > 480 s for whole blood),
a much smaller rate of change of mass is observed (also see Fig. S1
in SI) as the evaporation of plasma slows down owing to the
entrapment of plasma within the cells and formation of capillary
menisci of much smaller radii of curvature. A sudden decrement
in the rate of evaporation vs. time (i.e. dm=dtð Þ vs: t) indicates
the onset of the post-gelation regime. A more diluted blood droplet
evaporates faster due to larger interdistance among cells at a given
time instant. We observe that the onset of post-gelation (i.e.
change in the slope ofm vs: t curve) takes place sooner for a whole
blood droplet, whereas complete evaporation (i.e. dm=dtð Þ ! 0) of
a blood droplet happens sooner for a more diluted blood drop.
Hence the post-gelation window is much wider for a less dilute
blood droplet. For the same initial volume (2 lL), the final mass
obtained for a diluted blood sample is smaller than that for a whole
blood sample. The post-gelation time for 42%, 7.0% and 3.8% HCT
are 360 s, 270 s, and 200 s, respectively. We have used the total
evaporation time of the whole blood (42% HCT) as the evaporation
timescale, tevap to normalize the evaporation time at different
dilutions.
Fig. 3b and 3c depict the evaporation kinetics of whole and
diluted blood droplets over a hydrophilic glass substrate. The con-
tact radius (r) and the evaporation time (t) are normalized as
(br ¼ r=riÞ and (bt ¼ t=tevapÞ with the initial contact radius (riÞ and
the evaporation timescale (tevapÞ is the time required for the whole
blood to evaporate completely (i.e. dm=dtð Þ ! 0). As observed, the
normalized contact radius of the droplet remains fixed as the dro-
plet remains pinned throughout evaporation. The contact angle of
the droplet decreases with time, following a CCR (constant contact
radius) mode [38]. The shrinkage of the droplet or the depinning of
the contact line is limited by the CCR mode of the evaporation,
which further assists in developing the internal stresses inside
the droplet that later gets released through the crack formation.
Fig. 4a depicts representative images of final deposition pat-
terns of the diluted blood sample droplets including one quadrant
under SEM. We observe that the width of the coronal region (w)
decreases with an increase in dilution owing to the smaller concen-
tration of the RBCs. Furthermore, the film thickness (h) at the edge
obtained by 3D optical profilometry decreases with an increase in
dilution (see S2 in SI). The variation of the coronal width (w) and
the final film thickness (h) with different % HCT is presented in
Fig. 4b. There is a decrement of w and h with an increase in %
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Fig. 3. (a) The mass of the whole blood droplet (42% HCT) and diluted blood droplets (with 7.0% and 3.8% HCT) is plotted with time. (b, c) The normalized contact radius
(br ¼ r=riÞand contact angle (hÞ is plotted against normalized evaporation time (bt ¼ t=tevapÞ.
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h ¼ 3:13 %HCTð Þ1:0 with R2 ¼ 0:99 and R2 ¼ 0:95, respectively, indi-
cating that the film thickness h scales linearly with the % HCT and
the coronal width w scales with % HCT with the 3/4 power law.
Furthermore, SEM images also reveal some interesting details
about the crack patterns. With increasing dilution, besides higher
shrinkage of the coronal region, the crack pitch, p (i.e. the distance
between two successive cracks) in the coronal region also
decreases, meaning that for a particular volume of the droplet,
the number of the cracks in the coronal region would be higher
for the diluted blood samples than the whole blood. However,
the formation of more number of cracks in the case of diluted blood
samples does not necessarily imply higher stress generated in the
sample, as the other factors such as width, length, and shape of the
cracks are also important. In the case of diluted blood samples, the
crack lengths are decreased owing to a smaller coronal width,
thereby reducing the interfacial energy requirement for the forma-
tion of a single crack (refer to Eq. (2)) and consequently leading to
an increased number of cracks. The variation of the crack pitch (p)
in the coronal region with dilution is plotted in Fig. 4c, following
p ¼ 30:46 %HCTð Þ2=3 with R2 ¼ 0:97.
We also observe that beyond a critical dilution (between 2.0 and
0.8% HCT), there is no crack formation in the deposition pattern, as
shown in Fig. 4a (vi). This could be attributed to a higher amount of
critical stress generated (see Eq. (3)) due to the reduction of the film
thickness (h) near the edge at higher dilutions (refer Fig. 4b). At a
particular HCT concentration, u, the available elastic stress must
exceed the critical elastic stress for the initiation of crack. To esti-
mate the critical solid fraction uc , we equate the available and
the critical elastic stress (Eqs. (3) and (4)), at which the crack prop-
agationwould be arrested. The critical solid fractionuc for the tran-














By using experimental data (M 6, c  0:058 N=m;
G  1 kPa; h  100 lm;and csv  0:080 N=mÞ we then obtain
the critical solid fraction to be 2.16% HCT, which matches well with
our experimental observation (2% HCT). Furthermore, with an
increase in dilution accompanied by the reduction in the number
of RBCs, the relative salt concentration (since PBS is added as dilu-
ent) inside the droplet becomes higher (see elemental composition
in Table S1 in SI); thus the salt molecules move closer to each other
to form salt aggregates, shown as dendrites or fractals (Fig. 4a (vi)
SEM inset).B. Blood droplet evaporation on a hydrophobic substrate
In this section, we discuss the evaporation, final morphological
deposition pattern, buckling and cracking behaviour of the blood
droplet over the hydrophobic PDMS substrate, see Fig. 5. Upon dis-
pensing, the initial contact angle of the whole blood droplet is
measured as 105 5 . The loss of plasma due to evaporation leads
to volumetric shrinkage of the droplet. Initially, the height of the
droplet decreases with time while the contact radius remains con-
stant (resembling the CCR mode of the evaporation), see Fig. 5a, b
(i, ii) for side and top views. Over time, the droplet shape deviates
from its spherical shape, and the liquid/vapour meniscus becomes
flattened near the apex of the droplet (Fig. 5a, b (iii)). Further, a
depression of the liquid/vapour meniscus near the apex takes place
which can be attributed to the buckling of the meniscus at the dro-
plet apex, as explained later. Post buckling, the droplet further gets
distorted, and the cavity gets completely ruptured, as shown in
Fig. 5a,b (iv).
Using the schematic in Fig. 5c, we attempt to explain the buck-
ling phenomena of the sessile blood droplet over the hydrophobic
PDMS substrate. Upon dispensing, the RBCs (in red) are homoge-
neously suspended inside the droplet (see Fig. 5c (i)). Unlike the
hydrophilic substrate, the evaporation flux is not maximum near
the TPCL, and due to the absence of the singularity [39], there is
a region of the higher saturation pressure existing near the TPCL
[40], which reduces the evaporation flux locally near the TPCL
(see Fig. 5c (i)). Thus, the non-uniform evaporation flux induces
an internal flow inside the droplet (see Fig. 5c (ii)) with a preferen-
tial deposition of the RBCs on the substrate as shown. Simultane-
ously, with the evaporative loss of the plasma, the concentration
of the RBCs increases due to the RBCs moving closer to each other,
followed by collision and agglomeration. Beyond a critical concen-
tration of RBCs, the sol-gel transition occurs with an elastic net-
work of RBCs having the maximum number of RBCs at the base
and minimum number of RBCs at the apex of the droplet (see
Fig. 5c (iii)). The network of RBCs is subjected to a capillary pres-
sure around the interface owing to the menisci formed between
any two adjacent RBCs. Eventually, this capillary pressure leads
to the buckling of the interface with an inversion of the curvature
once the capillary pressure exceeds the local critical buckling pres-
sure (see Fig. 5c (iv)).
Due to the continuous changes in the properties of the droplet
network, thephenomenondescribed above is dynamic, so it is extre-
mely complex to obtain a detailed force or energy analysis. Instead,
we proceed by providing a scaling argument that involves the two
competing forces responsible for the buckling. The compressive cap-
illary stress owing to the evaporation of the plasma solvent through
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Final evaporave paerns of whole and diluted blood droplets on a glass substrate
Fig. 4. (a) Representative images of the deposition pattern after complete evaporation of blood droplets at different hematocrit values (% HCT) over a hydrophilic glass
substrate, (i) whole blood (42% HCT), (ii) 1:1 dilution (21% HCT), (iii) 1:3 dilution (11% HCT), (iv) 1:5 dilution (7.0% HCT), (v) 1:10 dilution (3.8% HCT), (vi) 1:50 dilution (0.8%
HCT); (b) Variation of the width of the coronal region (w) and the film thickness (h) at the three-phase contact line (TPCL) with different % HCT; (c) Variation of the crack pitch
(p) with different % HCT.
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where l is the dynamic viscosity (5 103 kg=msÞ [27] of the
whole blood, J is the evaporation flux measured from our experi-
ments (5 107 m=sÞ, s is the thickness of the shell
( 100 lm; see Fig: 5c iiið ÞÞ near the apex, k is the permeability of







obtained from the Carmen-Kozeny equation [34], uf is the closed
pack volume fraction of RBCs near the shell 0:7ð Þ, RB is the radius
of the droplet at the onset of buckling [42], and G  1 kPað Þ
[35,36] is the elastic modulus of the film (gel network) respectively.Using the data of Fig. 6a, we have estimated the evaporation flux (J,
in m=s) by converting the numerator from the unit of mass (mg) to
a length scale (in m) by scaling with the density of blood [11]
(qblood  1020 kgm3Þ: Using Eq (6) and for the whole blood droplet
dispensed as shown in Fig. 5a, the calculated values of
Pcap ¼ 22:72 Pa and Pbuckling ¼15.63 Pa. When Pcap=Pbuckling  1, the
droplet undergoes buckling phenomena, which is consistent with
our experimental observations.
Fig. 6a depicts the evaporation rate of the whole and diluted
blood droplets over a hydrophobic PDMS substrate. As compared
to the hydrophilic glass substrate, a slower rate of evaporation is
observed in the case of the hydrophobic PDMS substrate owing
to the higher initial contact angle upon deposition. Similar to the
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Evaporaon of a whole blood droplet on a PDMS substrate
Fig. 5. Sequential time-lapsed images of the evaporation of the whole blood droplet (42% HCT) over a hydrophobic PDMS substrate (a) Side view, (b) Top view, (c) Schematic
diagram of the evaporation dynamics inside the droplet.
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Fig. 6. (a) The mass of the whole blood droplet (42% HCT) and diluted blood droplets (7.0% and 3.8% HCT) are plotted with time. (b, c) The normalized contact radius
(br ¼ r=riÞand contact angle (hÞ are plotted against the normalized evaporation time (bt ¼ t=tevapÞ.
548 R. Iqbal et al. / Journal of Colloid and Interface Science 579 (2020) 541–550hydrophilic substrate, a more diluted blood droplet evaporates fas-
ter compared to the whole blood due to larger interdistance
between the cells at a given time instant.
However, the evaporation kinetics of the whole and diluted
blood droplets is different as compared to those of the hydrophilic
substrate. For the whole blood droplet over the PDMS substrate,
the contact angle decreases initially resembling CCR mode of evap-
oration, followed by a small decrement in the contact radius (see
Fig. 6b). Throughout the course of evaporation, only a small decre-




) is observed for the
whole blood which can be attributed to the sol-gel transition and
the buckling phenomenon. But with blood dilution, the reduction
in the contact angle during evaporation is much higher on thehydrophobic substrate, as shown in Fig. 6c. For example, for the
7.0% HCT and 3.8% HCT, the contact diameter of the droplets
remains nearly constant throughout the course of the evaporation,
and only a small increment in the contact diameter toward the end
of the evaporation is observed (Fig. 6b). However, the final contact




respectively (Fig. 6c). This sug-
gests that the evaporation kinetics of diluted blood droplets dis-
pensed over hydrophobic substrates is similar to that on a
hydrophilic (glass) substrate.
Fig. 7 depicts the side and top views of the final morphological
deposition patterns after complete evaporation of the whole and
diluted blood droplets over the hydrophobic PDMS substrate. Sim-
ilar to the hydrophilic case, we have used the whole blood droplet
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Final evaporave paerns of whole and diluted blood droplets on a PDMS substrate
Fig. 7. Representative images of the evaporative deposition pattern of the whole and diluted blood droplets over a hydrophobic PDMS substrate (i) whole blood (42% HCT),
(ii) 1:1 dilution (21% HCT), (iii) 1:3 dilution (11% HCT), (iv) 1:5 dilution (7.0% HCT), (v) 1:10 dilution (3.8% HCT), (vi) 1:50 dilution (0.8% HCT).
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blood droplet undergoes buckling whereas with an increase in
blood dilution, a transition from the buckling mode to the cracking
mode is observed, see Fig. 7. The dilution for buckling to cracking
mode transition falls in the range 21–42% HCT. The number of
cracks and total crack length increase with an increase in dilution.
The larger cracks formed on the hydrophobic PDMS substrate is
attributed to the smaller surface energy of the PDMS
(cPDMSsv  0:020 N=mÞ in comparison to that of the glass
(cglasssv  0:080 N=m). Based on Eqs. (1) and (2), the elastic energy
released for a single crack to propagate by an infinitesimal distance
of dx is 1Eelastic  r
2E2interfacial
Gc2svdx
: By substituting the values of
cPDMSsv  0:020N=m and cglasssv  0:080 N=m, the ratio of EPDMSelastic=EGlasselastic
was found to be ~16. This ratio signifies the formation of larger size
cracks on the hydrophobic substrate in comparison to the hydrophi-
lic case. The transition from the buckling to the cracking regime can
be attributed to the contrasting evaporation kinetics of droplets at
different dilutions. For the buckling to occur, one geometric pre-
requisite is hB=RBð Þ > 1, where hB and RB are the height and the
radius of the droplet respectively at the onset of buckling, see
Fig. 5c (iii)). With increasing dilution, the contact angle decreases,
thereby decreasing the height hB while keeping the contact radius
constant (see Fig. 6c), and therefore leading to the buckling to crack-
ing transition when hB=RBð Þ < 1, see Fig. 7 (iii-v).
For example, in the case of the whole (42% HCT) and 21% HCT





and similarly, for the 7.0% HCT and 3.8% HCT, the final contact




respectively (see Fig. 6c). Thus,
instead of exhibiting buckling, the droplets exhibit cracking when
hB=RBð Þ < 1 (see Fig. 7 (iii-v). At a much higher dilution, the transi-
tion from the cracking to the non-cracking regime is observed (see
Fig. 7 (vi)) in the dilution range of 2.0–0.8% HCT, since the number
of RBCs is too less for cracking to take place, as explained earlier
(refer section A).4. Conclusions
Even though it is understood from the literature that blood
deposition patterns could be developed as promising tools in med-
ical diagnosis, mechanistic understanding of the pattern formation
is very limited owing to the complexity of the blood sample and its
dependence on physio-chemical factors [10–12,23–28]. In the1 This is an open access article under the CC BY-NC-ND license (https://creativec
ommons.org/licenses/by-nc-nd/4.0/)present work, we investigated the evaporation dynamics of whole
and dilute blood droplets over hydrophilic (glass) and hydrophobic
(PDMS) substrates. The blood droplets evaporating on a hydrophi-
lic (glass) substrate exhibit radial and orthoradial cracks in the
coronal region and random cracks in the central region. We employ
Griffith’s energy criterion to show that crack formation took place
when the capillary pressure and the resulting compressive stress
inside the evaporating droplet exceeds the critical stress that
depends on the elastic modulus of the gelled network and interfa-
cial energy of the substrate. The width of the coronal region, film
thickness at the contact line, and the crack pitch are found to fol-
low power-law scaling with the blood dilution as 3/4, 1.0, and
2/3 respectively. The transition from the cracking to the non-
cracking regime (via more number of shorter cracks) is observed
at the dilution range of 2–0.8% HCT, which can be attributed to
inadequate compressive stress available upon complete evapora-
tion. In the case of the hydrophobic PDMS substrates, buckling is
observed for the whole blood and less diluted blood samples,
which is related to the distinct wetting and evaporation kinetics.
The buckling of the blood drop on a hydrophobic surface can be
attributed to the competition between the capillary pressure orig-
inated due to the formation of an elastic network of RBCs and the
menisci formed between adjacent RBCs, and the critical buckling
pressure which depends on the thickness of the RBC layer at the
apex and the contact radius at the onset of buckling. With an
increase in dilution, we notice a transition from buckling (between
42 and 21% HCT) to cracking (between 21 and 2.0% HCT) and even-
tually to the non-cracking regime (between 2.0 and 0.8% HCT) at
even further dilution. Our study reveals several interesting phe-
nomena such as cracking and buckling of evaporating dense sus-
pension droplets and their corresponding morphological
deposition patterns over hydrophilic and hydrophobic substrates.
The crack patterns obtained for hydrophilic substrates can be ben-
eficial for the detection of diseases, especially for anaemia, hyper-
natremia, etc., wherein the cell density is depleted (due to the
scarcity of RBCs). Similarly, hydrophobic materials such as plastics
are commonly used in diagnostic platforms and bioassays due to
its low costs and the deposition patterns on hydrophobic PDMS
substrates can also serve as disease diagnostic tools for such dis-
eases, which can be investigated in the future.CRediT authorship contribution statement
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